Introduction
Hematopoietic stem cells (HSCs) are excellent targets for gene therapy because of the relative ease with which they can be manipulated and their ability to repopulate the entire hematopoietic system for the life of a patient. Early experiments have shown that bone marrow (BM) transplantation is highly effective due to the ability to ablate the endogenous hematopoietic system with lowdose irradiation. Lethally irradiated mice that are infused with BM from an untreated mouse are rescued through repopulation with the donor's hematopoietic system. 1 This approach lends itself to genetic modification since a modest number of donor cells can be easily harvested, exposed to a vector ex vivo and then simply infused intravenously into an irradiated recipient. This is in contrast to in vivo or ex vivo gene therapy for solid organs, where delivering genes to a high percentage of a very large number of cells within a complex tissue structure is extremely challenging. The promise of HSC gene therapy has led to extensive experimentation in small and large animal models, and to successful clinical trials.
HSCs are defined by their ability to self-renew, differentiate into all hematopoietic lineages and reconstitute hematopoiesis in a lethally irradiated host long-term. This definition excludes the use of in vitro assays to evaluate gene transfer to HSCs, and necessitates the use of animal models. The progeny of long-term HSCs expand exponentially in vivo in a hierarchy resulting in multipotent progenitors, progenitors and ultimately in billions of mature leukocytes. This imposes some criteria for efficient gene transfer. The HSC must be permissive for transduction by the proposed vector; the vector genome must be efficiently maintained in daughter cells and transduction must not impair the ability of the HSC to renew, differentiate or expand. To date, only retroviral vectors including gammaretroviral, lentiviral and foamy vectors have fulfilled these criteria in large animal models. These integrating vectors take advantage of mitosis to create a copy of the vector provirus in each daughter cell, ensuring transmission to all HSC progeny during hematopoiesis. Here we review the advantages of large animal models, contributions of large animal model studies to the field of HSC gene therapy and recent progress in this field.
Limitations of mouse models for HSC gene therapy
The mouse model has been essential to advance HSC gene therapy, and early studies have shown that self-renewing clones with both lymphoid and repopulation potential can be transduced by retroviral vectors. [2] [3] [4] However, several aspects of gene transfer and transplantation are not modeled well in mice (Table 1) . It is not possible to assess long-term engraftment in a short-lived animal model, and differences between mouse and human host cell receptors initially led to overestimates of gene transfer efficiency in the mouse model. Murine leukemia virus (MLV)-based vectors pseudotyped with the murine ecotropic envelope attained very high gene transfer efficiency to primitive mouse repopulating cells, estimated at 50% even with relatively low titers. 2 Gene transfer using the ecotropic envelope is restricted to mouse cells; therefore, the amphotropic envelope was used in early large animal and clinical studies. 5, 6 In these early studies, transient marking of o0.1% of repopulating cells was obtained in the dog, and in patients marking was also low, with an estimated average proviral copy number of 0.01-0.1. Transduction of dog and human progenitors with the amphotropic envelope is much less efficient than transduction of mouse progenitors with the ecotropic envelope, in part because of low expression of the amphotropic receptor on HSCs. 7 This obstacle has been largely overcome by using envelope pseudotypes that efficiently transduce HSCs, including the VSV-G (vesicular somatitis virus glycoprotein).
However, other differences between mouse and human HSCs affect the transduction efficiency, including their cell-cycle status. Approximately 75% of mouse HSCs are outside G 0 . 8 Direct analysis of the cell-cycle status of HSCs is not possible in humans or in large animals because they cannot be purified to homogeneity. However, studies analyzing telomere length have estimated that mouse HSCs divide every 2.5 weeks, cat HSCs every 8-10 weeks, baboon and macaque HSCs approximately every 36 weeks and human HSCs every 45 weeks. [9] [10] [11] [12] This is an important consideration for gene transfer as gammaretrovirus, lentivirus and foamy virus vectors do not transduce quiescent G 0 cultures as efficiently as they transduce actively dividing cultures. [13] [14] [15] In mouse studies, donor mice are typically treated with 5-fluorouracil to increase cell cycling and transduction. [2] [3] [4] There is also a difference in the proliferative demand placed on repopulating cells of the mouse versus large animals or humans. A human produces a similar number of red blood cells in a day (2.5 Â 10
11
) to what a mouse produces in a 2-year life span. 11 A single cell can repopulate the entire hematopoietic system of a mouse, 2, 16 but to date, engraftment in primates and dogs has always been polyclonal, with the exception of studies in which leukemic or preleukemic expansion has been observed. Mice also have limitations for evaluating the genotoxicity of integrating viral vectors, as mouse cells are more readily transformed than human cells. It has been estimated that five distinct alterations are required to transform normal human primary cells but that only two or three events are necessary for mouse cells. 17 Immunodeficient mouse models that allow transplantation of xenogeneic human repopulating cells have overcome some of these limitations. The latest generation of nonobese diabetic/severe combined immunodeficient (NOD/SCID) immune-deficient mice do not express the interleukin (IL)-2 g-receptor, and allow robust myeloid and lymphoid development in vivo. 18, 19 Evaluating gene transfer to human SCID repopulating cells in this model is powerful, as the harvest of donor cells, enrichment of HSCs and ex vivo transduction conditions can be performed exactly as in clinical studies. However, there is some evidence that SCID repopulating cells are not true long-term repopulating cells. Baboon CD34
+ cells marked with a gammaretroviral vector were infused into both NOD/SCID mice and a baboon. 20, 21 Specific SCID repopulating cell clones were detected in baboon shortterm (2-6 weeks), but not long-term (6, 12 months), repopulating cells. Moreover, to date, the relatively high levels of HSC gene transfer observed in NOD/SCID mice have not been observed in clinical trials.
The transplantation aspect of HSC gene therapy is also not modeled as well in mice. Early BM transplantation studies in mice were initially not successfully translated to the clinic, and subsequent studies in dogs and primates helped to define the obstacles to engraftment and to establish this now commonly used therapeutic approach. 22 In these studies, inbred mouse strains did not predict the importance of human leukocyte antigen matching for successful transplantation. Human leukocyte antigen matching is not a concern for autologous HSC gene therapy approaches, but other aspects of transplantation are also better modeled in large animals. For example, conditioning regimens with radiation and/or chemotherapy have translated well from the dog model. 22 In contrast, in immunodeficient mice, nonmyeloablative conditioning allows robust engraftment of even xenogeneic cells. Thus, conditioning regimens that are a critical component of HSC transplantation are not modeled well in the mouse. In non-immunodeficient because of the differential expression of CD34 in mouse and human HSCs.
23,24
The dog model for HSC gene therapy and the competitive repopulation assay
The dog has several advantages for HSC gene therapy studies. Dogs can be cared for with relative ease, have large litters and are less expensive to procure and maintain than primates. Performing the many procedures required for HSC gene therapy studies including routine health examinations, administering antibiotics and performing peripheral blood draws and BM biopsies are also more easily performed on dogs than on primates. Importantly, unlike in the mouse model, canine and human CD34 + BM cells have similar in vitro and in vivo characteristics. 25 In addition, long-term studies can be performed in dogs, and repeated sampling of peripheral blood and BM is easily performed. There are canine models of several hematopoietic diseases, including a-l-iduronidase deficiency, X-linked severe combined immunodeficiency (X-SCID), canine leukocyte adhesion deficiency (CLAD) and pyruvate kinase deficiency, which allow preclinical testing in a disease setting. Another advantage of the dog for allogeneic gene transfer studies is that characterization of the dog leukocyte antigen type I and II loci 26, 27 allows for dog leukocyte antigen-matched transplants.
As described above, early studies for canine HSC gene transfer met with limited success as did early clinical studies. However, subsequent studies in the dog established means to efficiently mobilize HSCs, culture these cells ex vivo, transduce them with retroviral vectors and achieve efficient engraftment in vivo. [28] [29] [30] [31] [32] [33] Importantly, these conditions have translated well to the clinical setting. The competitive repopulation assay 34, 35 was key to establishing these conditions, as variability in outbred dog populations would have otherwise necessitated the use of many animals. By comparing two or more experimental conditions directly in the same animal, inter-animal variability is eliminated, and a small number of animals can identify the best approach ( Figure 1 ). In early experiments, retroviral vectors with sequences that differed by only a few base pairs were used to compare different envelope pseudotypes from different retroviral packaging cell lines 28 or to evaluate gene transfer to different sources of HSCs. 36 The two vectors could be differentiated by PCR amplification and electrophoresis to determine the best conditions for HSC gene transfer. Fluorescent markers such as enhanced green/yellow fluorescent protein can also be used, which allow accurate evaluation of transgene expression in leukocytes of all hematopoietic lineages by flow cytometry.
Gammaretroviruses pseudotyped with either gibbon ape leukemia virus (GALV), feline endogenous retrovirus (RD114) or VSV-G envelopes can efficiently transduce dog HSCs if the ex vivo transduction is of sufficient length, includes an appropriate cytokine cocktail for canine cells during ex vivo culture and includes Large animal gene therapy GD Trobridge and H-P Kiem the use of CH-296 fibronectin fragment (Retronectin). CH-296 contains the cell-and heparin-binding domains of fibronectin and enhances gene transfer by co-localizing vector and target cells, inhibiting apoptosis during ex vivo culture and increasing engraftment. [37] [38] [39] Primed BM is an excellent source of CD34 + cells, but steady-state marrow and mobilized peripheral blood can also be used. 36 Canine granulocyte colony stimulating factor and canine stem cell factor are typically used to prime BM, or to mobilize PB CD34 + cells. More recently, AMD3100, an antagonist of CXCR4 has been shown to be effective for the mobilization of HSCs, 40 and AMD3100-mobilized canine HSCs can be efficiently transduced with lentiviral vectors (HPK, unpublished data). Our standard HSC gene transfer protocols have been previously published, 41 and efficient gene transfer can been achieved using gammaretrovirus, lentivirus or foamy retroviruses (Figure 2 ). For foamy and lentiviral vectors, prestimulation is not required, and a single overnight exposure is sufficient for efficient gene transfer, thereby limiting ex vivo culture which can decrease engraftment. 42, 43 Interestingly, when foamy and lentiviral vectors were directly compared in a competitive repopulation assay at the same multiplicity of infection (MOI) (that is, at 5) with a short 18-h ex vivo transduction protocol, the efficiency of long-term marking was remarkably similar for both vector types. 44 Canine HSC gene transfer is also efficient in the allogeneic setting, in which one promising therapeutic application is chemoprotection of transplanted cells to allow higher-dose chemotherapy to treat lymphoma or leukemia. 45 Therapeutic gene transfer to HSCs in the dog model Several hematopoietic diseases were first cured in the dog model using conventional marrow allografts, setting the stage for HSC gene therapy. Pyruvate kinase deficiency in Basenji dogs is associated with severe hemolytic anemia. Affected dogs suffer from chronic, regenerative, hemolytic anemia, and red blood cell survival is shortened from 1 month to a few days. 46 Studies in the 1970s showed that marrow allografts from healthy littermates in three young pyruvate kinasedeficient dogs re-established normal hematopoiesis 46 and ameliorated the disease phenotype long-term. 47 Allogeneic transplantation has also cured canine X-SCID 48 and CLAD, 49 and diminished the severity of lesions in the canine a-l-iduronidase deficiency model. 50 The first demonstrations of effective HSC gene therapy in the dog model were achieved for CLAD 51 and X-SCID. 52 In the CLAD study, ex vivo gene transfer using a gammaretrovirus vector pseudotyped with GALV and expressing the canine leukocyte integrin ITGB2 gene (CD18) resulted in 6 of 11 treated dogs achieving therapeutic levels of corrected leukocytes. In the X-SCID study, in vivo gene delivery to neonates using a RD114-pseudotyped gammaretroviral vector expressing canine IL-2 common g-chain was used rather than ex vivo transduction. In the setting of X-SCID, corrected cells have a strong selective advantage, and the low levels of transduced cells obtained by in vivo delivery were sufficient to correct the disease phenotype. The CLAD phenotype has since also been corrected using foamy vectors. 53 
Nonhuman primate models for HSC gene therapy
There are some limitations of the dog model that necessitate the use of nonhuman primates for HSC gene therapy studies. The closer genetic relationship of nonhuman primates to humans means that primate cells respond to many human cytokines used for mobilization 
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and ex vivo transduction. In addition, for acquired immunodeficiency syndrome (AIDS), the dog cannot model the disease, and the nonhuman primate model has been developed. 54 The choice of primate species depends on several criteria, including ethical considerations, cost and availability. The highly sentient nature, high cost and low availability of chimpanzees outweigh the advantage of their close phylogenetic relationship to humans. Baboons and macaques are considered to be more appropriate from an ethical perspective, and are more readily available and thus inexpensive, although the relative expense is still high. As with the dog model, BM transplantation studies established the utility of nonhuman primates, 55 and CD34 + cells are used as the stem cell source. 56, 57 As in the dog model, the efficiency of HSC gene transfer to nonhuman primates was initially very low, typically o1% (reviewed in Van Beusechem and Valerio 58 ). A number of conclusions were drawn from these early studies as outlined by Van Beusechem and Valerio: (1) primate HSCs were more refractory to transduction with gammaretroviral vectors than mouse HSCs; (2) coculture with packaging cell lines during ex vivo culture of primate HSCs could have deleterious effects on engraftment; (3) appropriate growth factors including stem cell factor, IL-3 and IL-6 could increase engraftment; and (4) the poor results in nonhuman primates were not due to large differences in the size of the graft. In particular, it was recognized that in primates, using the amphotropic receptor did not yield results similar to using the ecotropic receptor in mouse studies. Following these studies, alternate envelope pseudotypes and transduction protocols were evaluated, and efficient gene transfer to nonhuman primate HSCs was established. Comparison of gene transfer using the amphotropic and GALV envelopes in a competitive repopulation assay in the baboon showed that GALV was superior to amphotropic envelope, and that marking between 1 and 5% could be established in vivo as detected by Southern blot. 35 In this study, large inter-animal variation in gene transfer efficiency highlighted the importance of the competitive repopulation assay. The use of CH-296 fragment and the addition of Megakaryocyte Growth and Development Factor (MGDF) and Flt-3 ligand to the ex vivo transduction further improved gene transfer into the 5-20% range, 59 and stable long-term marking in more than 60% of PB cells can be obtained when GALV-pseudotyped vectors are used with CH-296 and a cytokine cocktail of stem cell factor, IL-3, IL-6, Megakaryocyte Growth and Development Factor, Flt3-L and granulocyte colony stimulating factor. 60 Lentiviral vectors also mediate efficient HSC gene transfer in nonhuman primates, but host restriction mediated by TRIM5 a must be taken into account when using lentiviral vectors. 61 In baboons, highly variable gene transfer was observed using VSV-G-pseudotyped human immunodeficiency virus (HIV)-derived lentiviral vectors, but in one animal, marking of up to 8.6% of longterm repopulating cells was achieved. In this study, a direct comparison of lentiviral and gammaretroviral marking using a short ex vivo transduction protocol designed to maintain the engraftment potential of HSCs showed that lentiviral vectors were superior. However, very high MOIs (54-156) were required for efficient lentiviral transduction. Moreover, the addition of cytokines was necessary for efficient transduction in this study, as has also been observed for efficient transduction of human hematopoietic progenitors and SCID repopulating cells. 62, 63 In the rhesus macaque, transduction with HIV-derived lentiviral vectors is potently inhibited by TRIM5 a, [61] [62] [63] [64] [65] [66] and long-term marking with HIV-based vectors was typically lower than 3%, with one animal having marking levels of B10 and 2% in granulocytes and lymphocytes, respectively. 67, 68 Efficient transduction of B18% of rhesus macaque repopulating cells 69 can be achieved using simian immunodeficiency virus (SIV)-based vectors, and expression is maintained in the long term. 70 However, SIV vectors do not efficiently transduce human CD34 + cells, 69 which would limit the utility of the rhesus macaque model for preclinical studies. This limitation has been overcome in two ways. Unlike the rhesus macaque, the pigtailed macaque (Macaca nemestrina) is permissive for HIV-1 replication, although in vivo replication is inefficient. 71 Thus, we examined HSC gene transfer in the pigtailed macaque using HIV-derived lentiviral vectors and observed highly efficient gene transfer with marking levels of 20-23% in granulocytes and 12-23% in lymphocytes. 72 Efficient gene transfer was attained at MOIs of only 5-10 using a short ex vivo transduction protocol. Concurrent studies identified truncated forms of TRIM5 a in pigtailed macaques that do not restrict HIV-1 infection, 73 likely explaining why their HSCs can be efficiently transduced by HIVderived vectors at a low MOI. Recently, another approach was developed to overcome the limitations of the rhesus model. A lentiviral vector capable of transducing both human and rhesus blood cells was developed by combining components of both HIV-1 and SIV, including the SIV capsid (sCA) and SIV-Vif. 74 As would be expected, this chimeric vector compared favorably with an HIV-1 vector in rhesus macaque hematopoietic repopulating cells, and high marking levels were attained in vivo (7-30%). Importantly, the chimeric vector efficiently transduced human CD34 + cells, although not as efficiently as HIV-based vectors at higher MOIs. 74 
HIV gene therapy in the macaque large animal model
For HIV gene therapy studies, primates are particularly advantageous. Despite substantial efforts to generate a vaccine for HIV-AIDS, there is still no clearly effective vaccine available, 75 and alternative therapies have been explored, including treating AIDS by transplanting genetically modified HSCs. In this approach, HIVresistant HSCs might reconstitute the entire hematopoietic system, including the targets of HIV: T cells, macrophages, dendritic cells and microglial cells. Allogeneic transplantation with naturally resistant CCR5-negative HSCs has controlled HIV replication in a patient with AIDS, offering proof of principle that this is a viable therapeutic approach. 76 However, inefficient delivery of anti-HIV transgenes to HSCs in clinical trials has been an obstacle. In two clinical studies using gammaretroviral vectors, long-term marking was o 0.01%. 53, 77 More recently, in a phase 2 clinical trial, marking was very low, and vector DNA did not reach the quantifiable range of the assay (0.38% of cells analyzed) in any blood Large animal gene therapy GD Trobridge and H-P Kiem cell sample at any time point. 78 The authors concluded that the approach was promising, but that improvements to increase engraftment were required.
Given these limitations, the nonhuman primate is an excellent model to explore methods to efficiently deliver anti-HIV genes into long-term repopulating cells. Macaques can be infected with HIV-SIV (SHIV) chimeras, 54 allowing in vivo testing of the efficacy of transgenes that target HIV-1. SHIV chimeras contain HIV-1 envelope, tat and rev; therefore, transgenes that inhibit fusion 79, 80 and target tat and rev 81 can be evaluated in this model. There are limitations of the SHIV-macaque model as some components of SHIV are based on SIV, and the pathology and viral replication in vivo do not exactly replicate HIV-1 infection. 82, 83 However, many aspects of the pathology are well modeled, including profound CD4 + T-cell loss, immunodeficiency and other organ-specific disease, including encephalitis. 54 Continued improvements to the SHIV-macaque model may overcome some of these limitations. 84 In a landmark study, An et al. 85 showed that a CCR5-specific shRNA could be delivered to rhesus macaque HSCs using SIV-derived vectors, and that CD4 + lymphocytes derived in vivo were protected from SIV infection in an ex vivo challenge. We have also established efficient transduction of pigtailed macaque HSCs using an HIV-based vector that expresses a transmembranebound HIV fusion inhibitor, 79 and have shown protection of macaque CD4 + lymphocytes after ex vivo challenge (manuscript under consideration). 86 Other large animal models for HSC gene therapy Sheep have also been used for xenogeneic transplantation of human repopulating cells. 87 Stem cell kinetics are better modeled in cats than in mice 10 and cats have also been used for gene therapy studies. 88 In vivo selection in large animal models
To date, therapeutic efficacy in HSC gene therapy trials has been limited to immunodeficiencies, where corrected cells have a selective advantage. However, diseases such as b-thalassemia require relatively high levels of gene transfer, estimated at 20%. 89 One approach to consistently achieve high marking levels is to add a transgene that can mediate in vivo selection in a bi-cistronic design. Several approaches have been developed for this purpose, but to date, selection using methylguanine methyltransferase has been the only method to effect stable selection in large animal HSCs (reviewed in Trobridge et al. 90 ). In this approach, HSCs are transduced with a mutant form of methylguanine methyltransferase that is resistant to O 6 -benzylguanine, which inhibits endogenous methylguanine methyltransferase. 91 In the canine model, marking can be stably increased using methylguanine methyltransferase with more than 80% of repopulating granulocytes stably expressing the transgene of interest (Figure 3 ; Beard et al.
45
; Neff et al. 92 ). A recent report of selection in rhesus macaques resulted in only transient selection in vivo, 93 but we have obtained efficient and stable long-term selection to 460% in the pigtailed macaque using HIV-based vectors and 80% in the baboon model using gammaretroviral vectors (manuscript under consideration). One important difference in these two studies was that animals with stable increases had higher marking levels before initiating treatment with O 6 -benzylguanine and the alkylating agent.
Genotoxicity studies in large animal models
After clonal expansion leading to frank leukemia occurred in the French X-linked SCID gene therapy trial, 94 a comprehensive study of large animals that received gammaretroviral-transduced HSCs was performed. 95 In this study, there was no evidence of progression toward oligoclonal or monoclonal hematopoiesis in 42 rhesus macaques, 23 baboons and 17 dogs that had significant levels of gammaretroviral-mediated gene transfer. An exception was observed in a rhesus macaque wherein a fatal myeloid sarcoma, a type of acute myeloid leukemia, occurred in the kidney 5 years after transplantation of CD34 + cells transduced with a murine stem cell virus -based gammaretroviral vector. 96 This animal was unusual in that marking during the first year after transplant was very high, with up to 80% marking in myeloid cells, and most marked cells were derived from one clone. Analysis of the tumor showed two clonal vector insertions, and one was in the anti-apoptotic gene BCL2-A1. Overall, these studies suggested that although gammaretroviral vectormediated leukemias can occur, disease or transgenespecific factors likely contributed to the leukemogenesis frequently observed in the X-SCID trial.
A comparison of MLV-based gammaretroviral, lentiviral and foamy virus integrants in canine repopulating cells showed that the unique integration profiles observed in vitro for all three vector classes were also observed in dog long-term repopulating cells (Figure 4 ; Beard et al.
97
). MLV vector proviruses were found more frequently within and close to proto-oncogene transcription sites than lentiviral or foamy vectors. In primate repopulating cells, the distinct integration profile for Large animal gene therapy GD Trobridge and H-P Kiem lentiviral and MLV vectors observed in vitro was also seen in repopulating cells (Figure 4 ; Hematti et al.
98
; Beard et al. 99 ). Both vector types were found more frequently in and near proto-oncogenes in repopulating cells than in a random data set. Analysis of functional classes of genes with integrants within 100 kb of their transcription start sites showed an over-representation of genes involved in growth or survival near both lentiviral and MLV integrants. Microarray analysis showed that both MLV and lentiviral vectors were found close to genes with high expression levels in primitive cells enriched for HSCs, 99 consistent with the observation of an over-representation of primate integrants near the Myelodysplastic Syndrome 1 and Ecotropic Viral Integration Site 1 (MDS1/EVI1) locus in repopulating cells. 100 However, in these studies, there was no evidence of progression to leukemia. Avian sarcoma leukosis virus gammaretroviral vectors were also analyzed in rhesus repopulating cells. 101 Avian sarcoma leukosis virus vectors did not favor gene-rich regions, transcription start sites or CpG islands. Importantly, they were not enriched within or near proto-oncogenes, and no insertions were observed close to, or within, the MDS1/EVI1 locus.
Summary
Large animal models have been instrumental in developing effective HSC gene therapy approaches and continue to have an important role in translating HSC gene therapy approaches to the clinic. Improved immunodeficient mice strains have extended the utility of mouse models, but the ability to mediate efficient long-term gene transfer into large animal HSCs with multilineage repopulating ability is still the best way to predict clinical efficacy. At present, there are several disease-specific models in large animals, and with improvements in dog and primate embryonic stem cell and transgenic technology, it is likely that additional hematopoietic diseasespecific large animal models will be developed.
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